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Abstract 
 Compaction of powders and granular materials is an important process used to manufacture products 
including pharmaceuticals, ceramics, metals and explosives.  In order to ensure mechanical integrity of the final 
product, an understanding of the compaction process, with particular reference to the homogeneity of the compacted 
bed, is required.  In particular, it is necessary to have an improved understanding of the physics of the process, which 
can only be achieved through appropriate experimental measurements. X-ray tomography offers the opportunity to 
make full-field measurements of displacements in-situ: without removing the specimens  from the die.  This allows 
researchers to better understand the processes that take place at different stages in the compaction, and to more 
rigorously test numerical models.   
 In this paper, we present data obtained using Digital Volume Correlation (DVC) to measure displacements 
in a compacted bed of sugar, with data obtained using X-ray microtomograpy.  Instead of adding tracer particles, the 
natural, random, microstructure of the bed is used as the pattern for the volume correlation.  The displacement data 
obtained are then used to calculate strain fields in the bed.  A novel Finite Element (FE) based smoothing technique is 
applied to robustly smooth the data, allowing accurate and continuous strains to be calculated.  These strains are 
compared to those calculated from the unsmoothed data.  The paper presents details of both the DVC and FE 
smoothing routines.   
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1. Introduction 
The compaction of powders or granular beds is an important process in a number of industrial 
applications, including sintering of ceramics or metals, production of pharmaceutical tablets and 
manufacture of explosives.  In all cases, it is important to ensure good mechanical integrity of the finished 
product. For load bearing parts, this requirement is obvious, but it is also true for tablets, for which 
premature mechanical failure through capping and chipping has implications for drug dose uniformity and 
bioavailability [1, 2], and explosives, where mechanical failure can affect both sensitivity and subsequent 
burning rate (e.g. [3]). 
Measurements of granular beds may be made for both quality control and process optimization, the 
latter typically involving some analytical or numerical modelling.  For ceramics, metals and 
pharmaceuticals, the mechanical strength and homogeneity of the final products are of utmost importance, 
possibly more so than the precise details of the processing route.  Therefore, for quality control purposes, 
measurements of these properties may be enough.  However, product improvement through numerical 
modelling of the full manufacturing route requires an understanding of the physics behind the compaction 
process.  This would be better enabled by the ability to measure the stresses and deformations 
experienced by the material in carefully controlled laboratory experiments.  For explosives, there is also a 
safety implication.  Deformations imposed during processing can convert mechanical work into heat, with 
the potential to cause hot-spots leading to unwanted explosive ignition [4].  This is of particluar concern 
in zones that experience large localized deformations, such as shear bands.  For these materials, there is 
also an interest in understanding the internal deformations of confined specimens under the action of 
applied stresses, as knowledge of the extra compaction that takes place during burning is a requirement of 
any model of the deflagration to detonation transition [5, 6]. 
A large number of techniques have been developed to perform measurements on powders and granular 
materials under compaction. Measurements of relevant boundary forces as functions of punch 
displacement at low and high speeds have been made [7, 5], sometimes making separate measurements of 
the force transmitted through the bed and that transmitted into the side walls of the die. It has been known 
for a century that the effect of friction at the die walls is one of the most important mechanisms governing 
the homogeneity of the compacted powder [8], but the properties of the powder [9, 10] and the shape of 
the punch [1, 11, 2, 12-14] also have a significant effect. Because of this, researchers have also made 
direct measurements of the wall pressure in specially constructed dies [15, 16] (after [17]).   
Whilst boundary forces are important, they give no information about the homogeneity of the bed. It is 
therefore vital to be able to measure properties of the bed itself; these may be split into measurements that 
are made on the finished product, and measurements that are made with the product in the die, often 
whilst it is still under load ('in-situ' measurements). In this paper we will describe a technique that can in 
principle be used to provide full-field (i.e. throughout the specimen volume) measurements of all 
components of both displacement and strain in a specimen, in-situ in the pressing process.   
A key property of the final product is the density distribution.  This can be measured directly, or 
through analogue with another, suitably calibrated, property. A number of authors have used relative 
displacement, visualised by compacting coloured layers of materials [18, 19, 1] or monitoring the 
deformation of latex membranes in triaxial tests [20-24]. Following the work of Kandeil et al. [17], a 
number of authors have used hardness measurements to calculate densities [25-27, 13, 28]. Measurements 
have also been performed using nano-indentation on polymers [8]. A final method for density 
measurements was provided by Macleod and Marshall [29], who introduced radioactive isotopes of 
elements already present in the powder.  After pressing, the specimen was held next to X-ray film, which 
was exposed by the radioactivity.  The level of exposure could be calibrated to the density of the 
specimen. The advantage of using radioactive isotopes as tracers is that they have exactly the same 
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chemical and physical properties as the original material; the behaviour of the bed is unchanged.  
The main weaknesses of the techniques discussed so far are that only surface measurements may be 
made, where internal measurements are possible, they require destructive preparation.  X-ray based 
techniques give the opportunity to examine specimens internally without this preparation.  A number of 
authors have used X-ray images to observe shear localizations in granular materials [30-32]. It is also 
possible to build a full 3D reconstruction of the internal structure of a specimen using  X-ray micro-
tomography [33-42].  An early example of this techniques applied to granular materials under compaction 
was given by Desrues et al. [43], who observed a central cone of localization.  This result is important, as 
corresponding cone-shaped weaknesses are often observed in products manufactured from pressed 
powders, and similar damage has been observed in particulate composites [44].. X-ray tomography can 
also be used to characterise individual granules, for porosity for example [45], and has been used to study 
deformation and morphology of polymer bonded explosives [46, 3].  
However, X-ray tomography offers the opportunity to measure more than densities. We can better 
understand the physics of the compaction process by tracking deformations of different regions of the bed 
in-situ.  Such measurements have also been made using embedded stress gauges [47] and Small Angle X-
ray scattering (SAXS) [48, 11]. SAXS is a particularly interesting technique, as it can provide directional 
information about compaction on the nano-scale.  It is important to distinguish between nano- or micro- 
and macro-strains and their origins, this is discussed by Laity et al. [11, 49].  Another relevant technique, 
which can be used to characterize deformation of individual granules, is confocal microscopy [50]. 
Returning to X-ray tomography, a number of authors have performed displacement measurements 
using a small number, relative to the total grains in the sample, of discrete tracer particles of a substance 
with a different density [51-57].  Although this approach yields useful data, measurements are only 
obtained at discrete points in the bed.  In addition, the presence of the tracer particles may affect the 
mechanical properties of the bed.   
In order to increase the data density of the measurements, techniques based on Digital Image 
Correlation (DIC) [58, 59] may be used to follow the motions of a finer pattern in the material, which 
may be due to natural features or tracer particles.  This technique has the advantage of allowing both high 
data densities, and improved displacement resolution.  A number of 2D studies have examined surface 
[60-62] or internal [63, 64] flows of granular materials, whilst Hall et al. studied localization in 
compaction of a 2D specimen [65]   McDonald et al. [66, 67] extended the technique to 3D measurements 
of a punch into a powder.  Here, X-ray tomography was used to image the bed, using both DIC and the 3 
dimensional equivalent, Digital Volume Correlation (DVC), to track tin tracers (15% by volume) in an 
aluminium powder.   
DVC, correlation based analysis in three dimensions, using volumetric data, was first proposed by Bay 
et al. for strain analysis in bone tissue exposed to compression loads [68], see Bay  for a review of 
applications of this technique [69].  Following the example of Hall [70] we may consider two types of 
DVC, both of which avoid adding extra tracers to the sample, instead using the natural features present 
due to its particulate nature.  Discreet DVC follows the motion of individual particles [71-74], whilst 
continuous DVC tracks the motion of the random texture of the material [75-79].  The use of DVC 
combined with X-ray tomography enables the full 3D displacement field and strain field to be determined 
throughout the material.  DVC is continuously under development and has during the last decade been 
applied to a number of different materials such as rock [78], various foams [80, 81], granular materials 
[77, 70, 82, 66] and wood [75].  
In the current paper, DVC is applied to X-ray tomography data from a compacted bed of sugar. The 
random spatial distribution of particles is ideally suited to the application of correlation techniques, 
without the use of tracer particles that may affect the overall behaviour of the bed. Apart from the 3D 
displacement fields that are the direct outcome of the correlation algorithm, the experimental results also 
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cover calculations of strain. In particular, the paper presents a Finite Element smoothing routine that give 
significantly less noisy strain values than is the case when strains are simply derived from the raw 
displacement data. 
2. Material and Experimental Procedure 
2.1. Image Acquisition and Reconstruction 
In order to demonstrate the capabilities of DVC to produce quantitative in-situ data on the deformation 
of granular beds, a compaction experiments was performed using sugar, which gives a random 
microstructure and is also used as a mechanical analogue for explosives [3].    
Figure 1(a) shows the loading device used in the experiment, where the sugar is encapsulated in a 
hollow Perspex cylinder. The inner- and outer- diameters of the cylinder are 7.00 mm and 10.1 mm, 
respectively. The compaction of the material is achieved by applying a compressive load in the axial (z) 
direction with a 6.95 mm diameter solid brass cylinder. The particle size of the sugar crystals follows a 
normal distribution with mean of 0.5 mm, and approximate range from 0.1 mm to 1.0 mm.  
The main components of the X-ray microtomography system are a microfocus X-ray source from 
Hamamatsu Photonics (L7901-01), a motorized rotation stage from Linos Photonics (RT 120 ST) and an 
X-ray detector unit from Hamamatsu Photonics (C7876-10). The X-ray tube has a voltage range of 20 –
100 kV and the tube current ranges from 0 – 250 PA. In these experiments the voltage and current were 
held at 25 kV and 100 μA, respectively. With these settings the effective source spot size is 5μm. The 
rotation stage has a microstep resolution of 0.002q and an absolute positioning accuracy of 0.05q. The 
detector consists of an image intensifier and a 17 mm CCD of 600 x 800 pixels. The effective field of 
view of the detector is 72 x 54 mm and the spatial resolution is 4.5 Lp/mm (Line pairs per mm). The 
source-to-specimen and source-to-detector distances were 72 mm and 320 mm, respectively, resulting in a 
4.44 times magnification of the specimen. 
 
 
Fig. 1. (a) Photograph of the loading device used for the compaction experiments, showing the tube of sugar and the 7 mm diameter 
plunger. (b) Reconstructed bed of sugar.  The diameter and height of the cylinder are 7.00 mm and 8.21 mm respectively. One 
quarter of the volume data has been removed for better visualisation of the features.  The displacements in the z direction are 
overlaid. 
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During the experiment 545 projections were captured, distributed at equal angles over 360q. The 
exposure time for each projection was 2.56 s. 
The reconstruction was carried out with a Feldkamp cone-beam reconstruction algorithm [83], on a 
standard PC with dual CPUs (Pentium4 XEON 2.2 GHz processors) and 2 GB of RAM. Prior to 
reconstruction, a set of correction schemes is applied to the projection data. These are used to reduce 
image artefacts in the reconstructed data, such as ring artefacts and double structures. More information 
about the image quality assurance methods used is given in [84]. The reconstructed data have dimensions 
7.98 x 7.98 x 8.87 mm3, described by 342 x 342 x 380 voxels (where a “voxel” is the 3D equivalent of a 
pixel; in this case the voxel sizes is 23.3 Pm) and the region includes the granular sugar as well as the 
innermost parts of the Perspex cylinder. Figure 1(b) shows a volume rendering of the reconstructed sugar, 
of diameter 7.00 and height 8.21 mm, this rendering is overlaid by the later calculated w displacement, the 
particle displacement in the z direction.    
 
2.2. Volume Correlation 
The key requirement for successful correlation is that the investigated material contains a random 
distribution of features – giving a unique 3D microstructure in each correlation window on which the 
correlation analysis can be based. Here, the sugar grains are stochastically shaped and distributed and 
meet these structural requirements. 
During the correlation procedure the specimen volume is divided into smaller regions, si: sub-volumes 
or correlation windows, each containing a small number of features. The size of these sub-volumes is here 
0.753 mm3, corresponding to 323 voxels and each containing on average 4 grains.  The displacements 
within each of these sub-volumes are found through minimization of the cross-covariance function f(u;x), 
between the reference and deformed sub-volume data, an operation that mathematically is expressed as 
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where x defines a voxel position, N is the number of voxels within the correlation window, and u is the 
deformation field to be found. The result gives the displacement field u that deforms the original volume 
to fit into the grid of the deformed structure. The displacements are here represented continuously as 
Chebyshev polynomials 
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where n is the maximum order of the Chebyshev polynomial, T the Chebyshev base function and a the 
Chebyshev coefficient. The correlation windows (sub-volumes) overlap each other by 16 pixels (half the 
side of the correlation window) in each direction. Thus, each voxel in the full correlated region, except 
those near the borders, is a member of eight individual correlation windows. Here, the final displacement 
in a given sub-volume is finally calculated as a weighted sum 
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where ri is the distance to the i’th sub-volume centre normalized so that 11 2  ¦ ir , and m is the 
number of overlapping sub-volumes. An alternative to using Equation (3) is to take smaller steps between 
the subvolumes and only pick the central value from each. The Chebyshev approximation of the 
displacements is very effective and accurate if the displacements are small. However it is only valid for a 
limited range of displacements. Therefore, to ensure successful correlation when the deformations are 
large, an initial correlation routine is used. The initial routine makes a coarse estimate of the 
displacements and supplies the main routine with adequate initial values that ensure convergence of the 
cross-covariance minimization. The full set of results from all sub-volumes is finally mapped together to 
one continuous displacement field, covering the whole investigated volume.  A more thorough description 
of the methodology is given in [77].  
 The correlation analysis was carried out in a region Rc, with dimensions 6.72 x 6.72 x 8.21 mm3, 
described by 288 x 288 x 352 voxels. The theoretical spatial resolution, determined by the dimension of 
the cubic voxels, is thus 23.3 μm. The shape of the region has been optimised to describe as much of the 
cylindrical specimen as possible, with the given sub-volume size, as shown in Figure 2 (a)-(c). Here, the 
reconstructed cylindrical specimen is shown, (a), together with a schematic representation of Rc, (b), 
describing the shape and location of the region within the reconstructed cylinder.  Figure 2(c) shows a 
volume rendering of the reconstructed granular sugar inside this region. The homogeneous structure of 
the perspex cylinder that holds the sugar is avoided in order to prevent de-correlation, which apart from 
degrading the results also leads to longer calculation times. 
 
2.3. Finite Element Smoothing 
The displacements determined above contains discontinuities that are not a feature of the material but a 
consequence of the discrete nature of the analysis performed. To compensate for this we may impose C1 
continuity on the estimated displacements to make them follow the material behaviour better. In this 
section we therefore describe a way to smooth the data using Finite Elements as a means to provide more 
robust strain data. The C1-continuous Finite Element we use for the strain calculation is shown in Figure 
3. The element is constructed from Chebyshev polynomials and has 8 nodes for which the 8 values  
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where 1,0,, kji  and  ȟ\  is the continuous function, need to be specified per node. Hence 64 values 
are needed to approximate the function values within the three-dimensional element. The basic problem 
may be formulated as follows. Measured values  ix<ˆ  of the displacement have been sampled in m 
discrete data points at positions > @mii ,1, x . We seek an approximation of the continuous function  x<  based on the p nodal points at positions > @pjj ,1, x , where p<m. Based on a Finite element 
approximation the measured value at position xi could be expressed as  
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Fig. 2. (a) Volume rendering of the reconstructed sugar in the Perspex cylinder; (b) a schematic of the correlated region Rc; (c) 
rendering of the reconstructed data in Rc. 
 
 
Fig. 3. The Finite Element used for smoothing the displacement data. 
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where [i is the local Chebyshev coordinate associated with the j’th element including point xi. Now the 
values in the m measures may be organised as 
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which may be written in condensed form as 
 
dNȌ  ˆ . (6) 
In Equation (5) njT represents the 1x64 sized shape vector associated with the j’th element pointing on 
the corresponding vector dj with the nodal degrees of freedom. Hence the vector Ȍˆ  will be of size mx1, 
the matrix N will be of size mxn, and the vector d will be of size nx1, where n=pq is the total number of 
degrees of freedom in the approximation and n<m. Equation (5) describes an overestimated system of 
linear equations that may be solved for d using the Normal equations. Hence the equation 
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gives the nodal parameters that approximates  x<  in a least squares sense. The procedure is completely 
analogous in higher dimensions and may easily be extended to those situations as long as the nodes 
associated with a specific element are recognised. Once the nodal values in d are found the strain can be 
calculated from the derivatives of the smooth continuous function given by equation (4). 
3. Results 
3.1. Displacements 
The w displacement field, describing the motion of the sugar along the z axis, parallel to the applied 
load, is shown in Figure 4 (a)-(d); (a) to (c) show subsets obtained by cuts in the yz plane through the 
region Rc at x positions 1.68 mm, 3.36 mm and 5.04 mm, respectively. In (d) the full field is shown. The 
displacements range from 55 to 240 μm in the negative z direction. As expected, the largest displacements 
occur in the top region, where the force is applied. This region is rather well defined and the large 
movements in the sugar decline rapidly with distance from the top face. This figure also shows how edge 
effects can affect the material behaviour.  As expected, there is a variation of displacement across the top 
face; regions near the walls of the tube move less due to the friction between the sugar crystals and the 
walls. At the bottom region, the sugar crystal displacement reaches its minimum of 55 μm. The base of 
the cylinder, where the displacement is zero, is outside the field of view in these measurements. A 
previous paper validates these data through comparison to 2D image correlation on slices through the 
reconstructed volume [76]. 
187 Mikael Sjödahl et al. /  Procedia IUTAM  4 ( 2012 )  179 – 195 
 
Figure 4. The w displacement field in region Rc, describing the displacements parallel to the applied force. (a)-(c) each show subsets 
of the displacement field where cuts have been made at different positions along the x direction, at x=1.68mm, x=3.36 mm and 
x=5.04 mm, respectively; (d) shows the full w displacement field. 
 
 
 
Fig. 5. (a) The  w displacement field in the xz plane at y=3.36 mm; (b) and (c) the strain components İzz and Ȗxz in the same plane. A 
region of particularly high shear in the material is indicted with an oval. 
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A further representation of the displacement field is shown for a slice through the centre of the cylinder is 
shown in figure 5(a).  The displacement data were then smoothed using the Finite Element method 
described above; the displacement field from the same slice is in Figure 6(a). Comparison of these figures 
shows that the two displacement fields are very similar, as required; the relationship between them will be 
discussed below.  
3.2. Strain Calculations  
Strains were calculated from both the raw displacement field and the Finite element smoothed values. 
In both cases, for each (raw or smoothed) dataset of u, v and w displacements (in the x, y and z directions 
respectively), the three derivatives d/dx, d/dy and d/dz were calculated using the gradient function in 
Matlab.  These were used to calculate the six components of the strain tensor: 
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For the raw displacement data, there is no continuity constraint between the calculated displacements 
along the subvolume borders.  These discontinuities cause erroneous strain values to be calculated at the 
borders of the subvolumes, and also lead to a pronounced ‘grid’ effect in the strain data.  In order to avoid 
the erroneous values at the borders, strains were calculated from each subvolume individually, producing 
values for all six components of strain for every voxel.  The data were then combined in the same manner 
as the displacement data in order to provide results for the whole specimen.  Examples of the direct strain, 
İzz, and shear strain, Ȗyz, are shown in Figure 5(b) and (c), where the grid effect is clear. 
Calculation of the strains from the FE smoothed displacement data gives the values in figure 6.  It is 
noted that, whilst the general trend of the values is the same as, the exact values are different to, those in 
figure 5.  This will be discussed further below. 
 
 
Fig. 6. (a) The smoothed w displacement field in the xz plane at y=3.36 mm; (b) and (c) the strain components İzz and Ȗyz in the same 
plane (for computational reasons, only the top 4 mm are shown). 
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4. Discussion 
The data presented in figure 5(a) show the power of the Digital Volume Correlation technique to 
provide high data density displacement information for granular beds under compaction, using the 
structure of the bed as a random patter for correlation, and without the requirement for tracer particles.  
Further, the data are more amenable to differentiation for strain calculations.  Such calculations can 
provide information on the homogeneity of the bed, which directly affects the quality of the product, and 
also regions of high shear, as indicated in the figures, which have important implications for safety if the 
product being pressed is an explosive. 
In correlation based analysis, the spatial resolution is normally described by the size of the correlation 
windows - the smaller the windows, the higher the spatial resolution, although this can lead to a reduction 
in displacement resolution and an increase in noise. In turn, the size of the correlation windows is limited 
by the spatial features used in the correlation. Here, the sugar crystals are rather large and the size of the 
correlation windows was 323 voxels, corresponding to 0.753 mm3 with on average four grains per 
window. However, with the continuous representation of the displacements with Chebyshev-polynomials 
the resolution is no longer strictly dependent on this size.   
Image correlation methods such as the one presented here rely on the distribution of features, rather 
than tracking individual grains.  Although there is a preferable feature size, for a given size of correlation 
window, the correlation method has a good tolerance to this parameter.  An implication of this is that it is 
events such as grain rotation or fracture can be accommodated with only small errors, as long as datasets 
are acquired frequently enough to ensure that decorrelation due to changes in the feature distribution is 
not too large.  A number of authors have made similar measurements based on individual particle 
tracking, which can also give high data densities with good spatial and displacement resolution.  Whilst a 
full comparison of the techniques should be performed, it is likely that the methods presented in this 
paper will have the advantage of being able to produce data for much smaller particles, or equivalently, 
larger specimens, and for particles that are less distinct, such as the spherical particles used in ceramics 
processing.  Advantages of individual particle tracking include that it can give information about particle 
rotation and connectivity, which  are not available from pattern-based methods such as the one presented 
here.  It is likely, therefore, that a combined approach is required.  
 In the experiment reported here, the size distribution of the features was not ideal: it was far from 
uniform and quite large.  In the current set-up, it would be possible to investigate materials with 
significantly smaller grains, which would allow the size of the correlation windows to be reduced and 
increase the amount of data obtained. Thus, the technique can be applied to powder systems with much 
smaller particle sizes, or, for the for the current grain size, a larger specimen could be used, with 
correlation windows of the same size.  
A weakness of the data in figure 5(a) is the discontinuities at sub-volume boundaries.  These 
discontinuities are particularly evident in the strain maps in figures 5(b) and 5(c), and would be even 
more obvious if the strains at the subvolume boundaries were included in these figures.  The Finite 
Element smoothing function allowed the discontinuities to be removed with little change in the 
displacement measurements, compare 5(a) and 6(a); however, there is a much larger difference in the 
calculated strain values.  These effects, and their causes, are more clearly seen in figure 7(a)-(c).  In figure 
7(a), the unsmoothed displacement data are observed to split into regions with relatively small gradients, 
corresponding to the subvolumes, each of which is connected by a short region with a relatively large 
gradient, the subvolume boundaries.  Figure 7(b) shows the result of calculating the strain from these 
data, to produce İzz, in particular, the figure compares the difference between calculating the strain 
directly from the unsmoothed data in 7(a), and performing the calculation subvolume by subvolume, the 
latter of which corresponds to the data in Figure 5 .  Strains within subvolumes are generally too small, 
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the difference being provided by the large strains at the subvolume boundaries.  Using the FE smoothed 
data, on the other hand, means that the displacements from which the strains are derived are continuous, 
and the displacements at the subvolume boundaries are redistributed back into the subvolumes, making 
the gradients more accurate and smoother, figure 7(c).  Conversely, the FE smoothed data in Figure 6(c)  
show larger scale artifacts associated with the smoothing routine, and these would need to be taken into 
account when interpreting the strain calculations.  It should be noted however, that these effects are 
smaller in magnitude than the artifacts seen at subvolume boundaries in figure 7(b). However, an obvious 
extension of the smoothing technique is to trace back the continuous displacement fields on the 3D-
images and fine tune a global correlation of the features to take away all such artificial strains. This last 
step is not included in this paper. 
Considering the mechanics of the deformation process, the data show the effect of the die boundaries 
on the compaction of the material, and also show a region of strain localization, a shear band, which 
would have a significant influence on the behaviour of any product produced in this way due to density 
changes in the band.  However, it should be noted that in this experiment the particle size was large 
relative to the specimen, Whilst this is representative of compaction processes in some explosives, for 
many manufacturing processes the die of many orders of magnitude larger than the particles.  There is no 
clear picture in the literature of the relationship between particle size and the width or spacing of shear 
bands, but values of 10 and 30 x the particle size would appear pertinent as a first estimate [65, 40, 31, 32, 
85].  Therefore, much smaller particles, or larger dies, would be required to get a specimen that is fully 
representative of a continuum.  DVC can still be used on these experiments as long as there are at least 8 
voxels per particle in the reconstructed tomographic images 
It is interesting to compare these data to those obtained using SAXS in recent experiments by Laity et al. 
[11, 49] Both methods are capable of calculating strains in the specimen, unlike many other techniques 
that can only calculate densities; with suitable apparatus, they can both be used on beds in-situ and under 
load.  There is, however, an important distinction between the two methods, also discussed in Laity’s 
paper.  SAXS can measure strains in the material on scales from nano-metre to micro-metre; such strains 
are therefore due to the internal compression of grains as they push against each other.  The data 
calculated from X-ray tomography are on a much larger scale.  Here, the movement includes grain 
realignment and fracture, as well as deformation of individual grains themselves.  Therefore, the two 
techniques would not be expected to give the same values; however, overall trends, regions of high strain, 
for example, would be similar.  These techniques offer complimentary methods for obtaining very 
important information for interrogating, modelling and improving any process that involves compaction 
of granules or powders. 
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Fig. 7. Comparison of unsmoothed and FE smoothed displacements and strains. (a) w displacement as a function of position for a 
line down the centre of the specimen; (b) strains, İzz, calculated from unsmoothed displacement data, showing the difference 
between calculating strains directly from the data and calculating strains from each subvolume separately; (c) strains calculated 
from smoothed and unsmoothed displacement data. 
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5. Conclusions 
The use of X-ray tomograpy combined with Digital Volume Correlation have been demonstrated as a 
powerful tool for measuring internal displacements and strains in a compacting powder.  In particular, use 
of the random powder structure allows measurements to be made without the addition of tracer particles, 
removing the possibility of such particles altering the structure of the bed, and also allowing full field 
displacement measurements to be made. 
From the full field displacement measurements, it is possible to make calculations of strain fields in 
the specimen.  These can be made from the raw displacement data, taking care to avoid the strain 
discontinuities at the subvolume boundaries, or through a new Finite Element based smoothing technique, 
which gives improvements in smoothness and accuracy, since boundary displacements are no longer 
neglected, at the expense of some large scale artifacts associated with the Finite Element size chosen for 
the smoothing routine. 
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